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ABSTRACT

The protozoan parasite Leishmania resists the anti-
folate methotrexate (MTX) by amplifying the R locus
dihydrofolate reductase-thymidylate synthase ( dhfr-ts)
gene, the H locus ptrl pterin reductase gene, and
finally by mutation in a common folate/MTX transporter.
Amplification of dhfr-ts has never been observed in
Leishmania tarentolae MTX resistant mutants while
ptrl amplification is common. We have selected a
L.tarentolae ptr1 null mutant for MTX resistance and
observed dhfr-ts amplification in this mutant demon-
strating that once a preferred resistance mechanism

is unavailable, a second one will take over. By intro-
ducing the ptr1 gene at the R locus and the dhfr-ts
gene at the H locus by gene targeting, we investigated
the role of the resistance gene and the locus on the rate

of gene amplification. Transfection studies indicated
that ptr1 gave higher levels of MTX resistance than
dhfr-ts . Consistent with this, when  ptrl was present
as part of either the H locus or the R locus it was
invariably amplified, while  dhfr-ts was only amplified
when ptrl was inactivated. When dhfr-ts was present
ina ptrl null background on both the H locus and the

R locus, amplification from the H locus was more fre-
quent suggesting that both the gene and the locus
are determining the frequency of gene amplification

in Leishmania .

INTRODUCTION

Chemotherapy is the only effective way to control the infection
caused by the protozoan paraditishmaniaand the first line
drug consists in pentavalent antimony. Although the antifolate
methotrexate (MTX) is not useful for the treatment.efshmania
extensive work has been carried out on the mechanism of MTX
resistance itLeishmanigreviewed in 2,3). These studies have
been useful to pinpoint novel putative intracellular targets
suggesting that antifolates could be useful agdiesthmania
(1,2) and have led to several insights on the mechanisms of
gene amplification and rearrangements in this parasite (4,5).

The first mutation characterized ireishmaniaMTX resistant
mutants was the amplification of the dihydrofolate reductase-
thymidylate synthasedffr-ts) gene as part of the R locus (6).

In addition to thedhfr-tsgene, another locus was found amplified

in MTX resistantLeishmaniaand was named the H locus (7).
The gene on the H locus responsible for MTX resistance was
characterized and its product, PTR1, showed sequence similar-
ities to the short chain dehydrogenase/reductase family (8,9).
PTR1 can reduce pterins and folates and when overexpressed
can reduce sufficient dihydrofolate into tetrahydrofolate hence
rendering the cell resistant to DHFR inhibition (10-15ishma-

nia have a common folate/MTX transporter and mutations in
the gene for this transporter can also lead to MTX resistance (16—
21). Amplification ofdhfr-tsin MTX resistantLeishmanighas

only been observed ineishmania majo(4,17,22) but never in
Leishmania donovamir Leishmania tarentolaer in other species
selected for MTX resistance. In contraptyl amplification

and reduced uptake of the drug have been observed in every
Leishmaniaspecies selected for MTX resistance. The reason
for the lack of amplification ofdhfr-tsin species other than
L.majoris unknown.

The availability of gene transfection technologyLigishmania
has facilitated the study of gene amplification mechanisms. It

Reduced folates serve as co-factors in a variety of one carbanade possible the testing of the hypothesis (4,23,24) that
transfer reactions such as in the formation of thymidylate. Thextrachromosomal amplicons are formed by recombination
enzyme dihydrofolate reductase (DHFR) is the key enzyme fothrough homologous direct or inverted repeats (25) and that
providing reduced folates to the cell and is an important targdinear amplicons can be the precursor of circular amplicons
of chemotherapeutic drugs known as antifolates. In protozog6). In this study we have addressed the effect of the locus and
and plants, DHFR is fused to thymidylate synthase (TS) resultingf the gene on amplification frequency following MTX selection

in a bifunctional DHFR-TS enzyme (1,2). in Leishmania
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MATERIALS AND METHODS A. B.

Cell lines and cultures 1234 1234

The L.tarentolaewild-type cell line Tarll and itsptrl null

mutant were described previously (23,27). Cell lines were

grown in SDM-79 or in M199 media. Mutants derived from 4.5kb —= - -9
the wild-type or the transfectants were obtained by stepwise = = =

MTX selection as described (19). 23k
- -

DNA manipulations

Chromosomes in agarose blocks were resolved by trans-
alternative field electrophoresis (TAFE, Beckman) as described
previously (28). Southern blots, hybridization and washing
conditions were done following standard protocols (29). The

ptrl, dhfr-ts nep and hyg prObeS were obtained by the Figure 1. Amplification of dhfr-tsin MTX resistantL.tarentolae Equal amounts
polymerase chain reaction. The R locus probe corresponds tfgenomic DNAs fromL.tarentolaewere digested byha and separated on
2.5 kb Bglll-Bglll fragment located 1 kb downstream of the an agarose gel. Southern blots were hybridized withra probe @), and a
L.tarentolae dhfr-tggene. Wild-typel .tarentolaepromastigotes dhfr-tsprobe @). The 2.3 kb fragment corresponds to the size of the wild-type
were transfected by electroporation as reported previously (8 Erl allele whllethe‘3.2 and 3.4 kb bands corrgsporpirmlnterrupted by neomy-

. . . in and hygromycin phosphotransferases in pb@ null mutant. The 4.5 kb
Selections were done with ‘mjlml G418 (GleO'BRL)’ and fragment corresponds to théfr-tsgene. Lane 1., .tarentolaewild-type; lane 2,

100pg/ml hygromycin B. L.tarentolae selected for MTX resistance; lane 8,tarentolae ptrlnull
mutant; lane 4l_.tarentolae ptrinull mutant selected for MTX resistance.
DNA constructs

Thedhfr-tsgene ofl.tarentolaewas cloned by screening a cosmid
library of partially SauBAI digested total DNA of_.tarentolag21)
with aL.major dhfr-tsprobe. A cosmid called cL-dhfr was isolated
and dhfr-ts was recovered as part a 6 i&al-Sal fragment.
Subcloning into thé eishmaniaexpression vector pSRyg(30)
produced the plasmid pSPRYg/LT-dhfr. Plasmid pSP¥yg-0  Transport studies
was also used to clone the 2.1 kbaRI-EcdRV dhfr-tsfragment
of L.majorand the 6 kisal-Sal dhfr-tsfragment from the R-circle
found in theL.tarentolae ptrinull mutant strain selected for
MTX resistance.
To integrate thelhfr-tsgene into the H locus df.tarentolag
a 2.3 kbXhd—Xhd fragment containgtrl was cloned into the
vector pPGEM3. Digestion witihpa andSmd produced gtrl  RESULTS
deletion in which the 7 kiiHpal-Hindlll dhfr-ts-hygexpression L i
cassette from plasmid pSRYg/LT-dhfr was integrated as a AmPplification of dhfr-tsin L tarentolae
blunt end fragment. Subsequently a linear 8Xdel—Hindlll  Although along the years, we have selected overl1@@entolae
fragment was isolated and transfected into Tarll wild-typemutants for MTX resistance, we have never obsemiefi-ts
cells. Mutants carrying thehfr-ts-hygcassette within g@trl  amplification in that species. In several mutants, however, the
deletion in the H locus were isolated after selection for hygroH locus encodegtrl gene was amplified (19,24—-26). We were
mycin resistance and named RH (Fig. 2B). To inactivate thénterested to test how a cell withgptrl, which is now hypersen-
remainingptrl allele of the RH strain, we used a 3.3Xhd—Xhd  sitive to MTX, would respond to MTX selection and in particular
fragment described previously (27) in which el gene was  whetherdhfr-ts would be amplified. Aptrl L.tarentolaenull
interrupted by themeogene (Fig. 2C). mutant already available (27) was therefore selected for MTX
To obtain the mutant strain HR with a singfgrl copy resistance in a step by step procedure until it became resistant
replacing onalhfr-tsallele at the R locus df.tarentolagthe  to 250uM MTX. The DNAs of wild-type and resistant mutants
6 kb Sal-Sal dhfr-tsfragment was subcloned into the vector were isolated and analyzed by Southern blots ugitndy and
pGEM3. A 1.9 kbHpal-Smd fragment containinglhfr-tswas  dhfr-ts probes. Hybridization with thetrl probe confirmed
deleted and replaced by the 3.3 EodRV—Hindlll ptrl-neo that we were working with the null mutant as no wild-tygptel
expression cassette from plasmid p®e¥/Xho-ptri(8). A7 kb  allele (a 2.3 kbXhd—Xhd restriction fragment) was present
Pvdl-Pvul fragment with the ptrl-neo cassette replacing and the two novel bands correspond to the integration of the
dhfr-ts was transfected into theptrl null mutant Tarll neoandhygselectable markers into bogrl alleles (Fig. 1A,
ptrlYhyg2. The mutant HR (Fig. 2D) was isolated by selectionlanes 3 and 4). Selection for MTX resistance in wild-type cells
for G418 resistance. led to ptrl amplification as extensively observed before, but
. o not to dhfr-tsamplification (Fig. 1A and B, lane 2). However,
DHFR enzymatic activity the dhfr-ts gene was amplified in d.tarentolae ptrinull
Supernatant from homogenateslofarentolaepromastigotes mutant selected for MTX resistance (Fig. 1B, lane 4). Amplifi-
were prepared and DHFR activity in these extracts was assayedtion of thedhfr-tslocus was in fact observed in five out of five
as described previously (31). Dihydrofolate concentration wagdependenptrl null mutants selected for MTX resistance (not

300uM in all assays and in the inhibition assays MTX concen-
trations were between 0 and 50 nM. NADPH concentration
was kept constant at 1QM.

Accumulation of MTX was measured as described (19,21).
Tritium labeled MTX (23.6 Ci/mmol) was purchased from
Moravek Biochemicals. Transport studies were done using
500 nM of MTX.
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Figure 3. Gene amplification in the strains RH and HR selected for MTX
| neo | resistance. Chromosomes from the RH strafnaifdB) and HR strain€ andD)
were separated by TAFE and Southern blots were hybridizedhé-as(A and C)
orptrl (B and D) probes. H corresponds to the H locus while R corresponds to the
~{__ptrt H neo Z R locus. The uniform band above the H locus in (D) is due to background.
D
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L J to test the role of the locus on gene amplification frequency

| hygro | (Flg 2)
= We first attempted to integrate thihfr-ts gene into the H
locus by replacing atrl allele. Transfection of the appropriate
construct and selection with hygromycin B gave rise to the RH
Figure 2. Generation of parasite recombinant strains to test the role of thestrain (Fig. 2B). Hybridization to a chromosome sized blot
resistance gene and the Io_cus on gene_ampllflcatlon frequency. Part of the Ebnfirmed that thedhfr-ts probe now recognizes the 500 kb
and R locus of_.targntolaeNlld-type cellsis shown_/{\). The RH 8), RH-neo .
(C) and HR D) strains were generated by permuting piyel. anddhfr-tsgenes chromosome (R IQCUS) as well as the 800 kb.Chromqsome (S|te
at the level of the R and H loci. AApal; B, BanHI; H, Hpal; S, Sma. of the H locus) (Fig. 3A, lane 2). The proper integration of the
dhfr-tsgene into the H locus was also confirmed by Southern
blot analysis of DNA digested witHindlll and Xba (not shown).
Ten independent cultures of an RH clone were selected for

shown). The amplicon was circular as it was possible to isolate feSistance to 5GM MTX, a relatively low concentration of
by standard plasmid mini-preparation (32). This suggests that onf&T X consisting into a concentration 2-fold higher than the

a preferred resistance mechanism is unavailablertgigamplifi- Eﬁgﬁﬁgﬁgﬁ g?lhy-lg:i%i;?o\?iigaagiu?jlic;r;ezs\ilvr%:?r-ttisatﬁg p];?rrl gene
cation), a secondary ondhfr-tsamplification) will take over. probes. Ten out of the 10 mutants showd. amplification

Role of the resistance gene and the locus on gene (Fig. 3B lanes 3-5 and not shown) but none kiad-ts gene
amplification frequency amplification (Fig. 3A lanes 3-5) despite that there were three
o . copies ofdhfr-tsfor one copy optrl and that one copy athfr-ts
The above results indicated that there are no major obstaclggs flanked by the H locus repeated sequences required to be
for observingdhfr-tsamplification inL.tarentolaeselected for  amplified efficiently.
MTX resistance. To try to explain the lackaiffr-tsamplification To test further the role of the resistance gene, we compared
in L.tarentolaewild-type cells selected for MTX resistance, we the frequency ofihfr-ts andptrl amplification when both genes
tested the role of the locus on gene amplification frequencywere present on the 500 kb chromosome R locus. A construct
The H locus is flanked by several homologous repeatetfrgeting theptrl gene to the R locus was electroporated into
Sequences (24) and we have shown that the presence of repé&@_.tarentolae ptr]null mutant and selected for G418 resistance
surrounding a resistance gene will determine the length anf@ 9enerate the HR strain (Fig. 2D). Hybridization to a chromo-

type of amplicon formed (25). The high frequency of H |0cussome—sized blot confirmed the localizatiorpifl at the 500 kb R

amplification after MTX selection may therefore be due to thel2CUS chromosome (Fig. 3D, lane 2). Ten independent cultures
of a clone with the proper integration were selected for resistance

availability of several homologous repeated sequences. Thg 50uM, but none hadihfr-tsamplification (Fig. 3C, lanes 3-5)
dhfr-ts gene present on the R locuslirmajor is flanked by  \\hile all of them hadptrl amplification (Fig. 3D, lanes 3-5).
direct repeats (4) but we cannot exclude that these repeats affeptr1 linear amplicons derived from the R locus differed in
absent or mutated ih.tarentolaehence explaining the low sjze. Since the H locystrl alleles were inactivated, the amplified
frequency ofdhfr-ts amplification in the latter species. We ptrl gene in the HR mutants was inevitably coming from the R
therefore engineered a series of recombinaishmaniacells  locus. This was indeed confirmed by hybridization with an R
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A. B. C. L.tarentolae To test whetheptrl is a better drug resistance

: . gene, we cloned thé.tarentolae dhfr-tsand ptrl genes by

screening a genomic bank cloned in the vector cLHyg (33). As

e R reported, transfection of thetrl gene was conferring a high
level of resistance to MTX (8,9) while, surprisingly, the
L.tarentolae dhfr-tggene was conferring only low level MTX
resistance in SDM-79 medium (Fig. 5A). Although low, the
resistance provided bghfr-ts is sufficient to have expected
amplification of the gene during the first step of MTX selection.
Point mutations in DHFR is a common resistance mechanism

H- egess L T to antifolates and this has been described at least once in
_ H L.major DHFR (22). We therefore cloned th#hfr-ts gene
R
r ’ . abe present on the amplified circle bftarentolae ptrinull mutant
- - selected for MTX resistance. Transfection of this gene, how-
L ever, failed to show more resistance than cells transfected with the

wild-type allele (Fig. 5A). It is possible that thetarentolae
DHFR-TS gives lower resistance to MTX than themajor
gene. Thed..major dhfr-tswas isolated, cloned intolaeishmania
expression vector and transfected intotarentolae The
L.major dhfr-tsgene confers the same resistance level as the
Figure 4. Amplification of dhfr-ts in the RH-neo strain. The RH-neo strain L.tarentolaegene (Fig. 5A). The above results were obtained
(see Fig_2C) with no functionaitrl was selected for MTX resistance and in SDM-79, a medium rich in folates. As folate concentration
chro‘m_osom_es from a selection of the mutants were sepgrated by TAFE andodulates resistance to MTX (2’4,34), we tested the DHFR
hybridized with adhfr-tsprobe @), an R locus prqbe (see Materials and Methods) mediated resistance levels &ftarentolae transfectants in
(B) and an H locus probe (tHeyggene, see Fid] 2C)). Lane 1, unselected . . L
RH-neo; lanes 2-5, independent RH-neo strains selected for MTX resistancé\./l_l99 medium, a medium containing _less folates. A_S expected,
wild-type cells were more susceptible to MTX in M-199
medium (Fig. 5A and C) and the increase in resistance mediated
by dhfr-ts transfection was considerably higher in the latter

medium although still not to the levels (between 35 and >100-fold)

Iocu_s probe (not shown)._The analysis of t_h_ese_mutants furth‘?éported in the literature (9,22) (Fig. 5C). Asnajor mutants
confirmed that the R region can be amplifiedlirtarentolae exhibiting dhfr-ts amplification were selected in M-199

MTX resistant mutants. medium, we selectetl.tarentolaeMTX resistant mutants in

In order to look more critically at the role of the locus we p-199 medium. Analysis of five independent mutants indicated
have inactivated the remaining intaotrl allele in the RH  however thatptrl, but notdhfr-ts was amplified in all the
strain by introducing trl-neocassette (27). This led to the mytants (not shown). Nevertheless, by simply changing the
strain RH-neo (Fig. 2C). The integration of theoandhyg  growth medium, the resistance mediated by DHFR-TS is much
markers at the H locus was confirmed by hybridization ofmore pronounced (Fig. 5A and C). It is also possible that species
Southern blots (not shown). This strain became hypersensitihecific factors could account for the difference in resistance
to MTX as no functionalptrl was available. RH-neo was |evels provided bydhfr-ts- transfection inL.tarentolaeand
selected for resistance to $0 MTX and the analysis of 10 | major. The L.tarentolae and L.major dhfr-ts gene were
independent mutants indicated that thibfr-ts gene was  therefore transfected intamajorand those transfectants were
amplified in nine of these mutants (Fig. 4 and not shown). Thghen challenged with MTX. We observed, however, the same
dhfr-tsgene as part of the R locus was amplified in six mutantsow level resistance ih..major when measured in SDM-79
(Fig. 4B, and not shown) while the same gene as part of ththedium (Fig. 5B) while resistance observed was sensibly
Hlocus was amplified in nine mutants (Fig. 4C, and nothigher when tested in the M-199 medium (Fig. 5D).
shown) with several mutants having tiiefr-tsgene amplified  The transfection of thehfr-tsgene inL.tarentolaecan confer
from both loci at the same time (e.g. Fig. 4, lane 4). As there ig to 10-fold increase in resistance to MTX in M-199 medium
only one H locusdhfr-ts allele compared to the two R locus \yhich is much higher than in SDM-79 but still less than the
dhfr-tsalleles it is tempting to speculate that the locus itself isya|ue described in the literature (9,22). To exclude that the low
also important for gene amplification frequency, the same gengHFR-TS activity measured in our cells was due to non-optimal
being three times more susceptible to amplification from thesxpression in our vector, we measured DHFR activity in the
Hlocus than the R locus. Consistent with what we havenreedhfr-ts L.tarentoladines transfected with differenthfr-ts
observed previously (26), the first event of gene amplification igoriginating fromL.tarentolag L.major and from an amplicon
the formation of linear amplicons (Figs 3 and 4) and remarkablyf a resistant mutant) constructs. The DHFR activity was
the H locus derived linear amplicons were very homogeneougeasured from the crude extracts of wild-type cells and deter-
in size while the R locus derived amplicons varied in size (Figs 3nined to be 2.1 nmol/min/mg which is similar to other DHFR
and 4). activities determined from crude extracts of other species of
Leishmania (12,22,31). The DHFR activity of the crude
extracts of the three transfected lines was 15-fold higher than
If both the ptrl and dhfr-ts genes are present, we will only wild-type cells (Fig. 6) with specific activities around 30 nmol/
observe ptrl gene amplification upon MTX selection in min/mg. These values are similar to those reported from

Transfection studies of thedhfr-ts gene
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Figure 5. Resistance phenotype dhfr-tstransfectants. The growth aftarentolae dhfr-tdransfectantsA andC) and ofL.major dhfr-tstransfectants andD)
was evaluated in SDM-79 medium (A and B) or M199 medium (C and D) with increasing concentrations of MTX. Operndacdatolaetransfected with a
controlhygplasmid; closed circle, cells transfected with th&arentolae dhfr-tgene; closed square, cells transfected withLtimeajor dhfr-tsgene; triangle, cells

transfected with thdhfr-tsgene isolated from a circular amplicon present inlthiarentolaeM TX resistantptrl null mutant, (Figﬂl, lane 4); open squategarentolae
transfected wittptrl.

L.major cells in whichdhfr-tswas amplified (22). The DHFR target genedhfr-ts occurs in MTX resistantLeishmania
activity of the extracts was inhibited in a similar way by MTX although this has only been seenLimajor (6,17,22) and not
(Fig. 6). in other Leishmaniaspecies (3). Amplification of the short
) ) chain dehydrogenagrl is more frequently observed following
Other mechanism of MTX resistance MTX selection. The main role of PTR1 is to reduce pterins but
Since in our handshfr-tsconfers relatively low level resistance to when overexpressed it can reduce sufficient dihydrofolates
MTX, we hypothesized that other mutations, in addition tointo tetrahydrofolates so that wheihfr-ts is inhibited by
dhfr-tsamplification (Fig. 1), were likely to be presentintpgl ~ MTX, cells will nevertheless continue to grow (2,10,12,35).
null mutant selected for MTX resistance. As masishmania All Leishmaniaspecies also resist MTX by reducing its uptake
cells resistant to MTX exhibited a mutant transport phenotypethrough mutations in its common folate/MTX transporter (17-19).
we looked at the transport of MTX in thetrl null mutants Amplification of dhfr-tsis a common mechanism of MTX
selected for MTX resistance. All the mutants tested showed nesistance in several type of cells (3), and we found intriguing
measurable accumulation of radioactive MTX (Fig. 7, and nothe lack ofdhfr-tsamplification inL.tarentolaeMTX resistant
shown) indicating that in addition whfr-tsamplification, the mutants. This was therefore investigated further. Upon MTX
mutants require a reduction in the uptake of the drug in order tgelection L.tarentolaealmost invariably will amplify itsptrl
resist MTX. gene (19,25,26) and transport mutations are also frequently
encountered (19,21). We investigated the outcome of the selec-
tion of aptrl-/ptrl- null mutant for MTX resistance. In five inde-
DISCUSSION pendentptrl-/ptrl- strains selected for MTX resistance we
Resistance to the model antifolate drug MTX has been exterebserveddhfr-ts amplification (Fig. 1 and not shown). This
sively studied in the parasiteeishmaniaAmplification of the  indicates that once a preferred resistance mechanism is
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Figure 6. DHFR-TS enzymatic activity and inhibition by MTX. The DHFR
enzymatic activity of crude extracts beishmaniacells was measured using

300 pM of dihydrofolate and 10QuM NADPH. Open circle,L.tarentolae  Figure 7. Transport studies 3fH]-MTX in Leishmanizcells. Transport studies
transfected with a contraleoplasmid; closed circle, cells transfected with the were done as described in Materials and Methods. Open cirtientolae

L.tarentolae dhfr-tsgene; square, cells transfected with thenajor dhfr-ts  wild-type cells; closed circlel..tarentolae ptrhull mutant; squarel, tarentolae
gene; triangle, cells transfected with ttefr-ts gene isolated from a circular  pir1null mutant resistant to MTX.
amplicon present in the mutant shown in Fie 1, lane 4.

unavailable to the cell a second one will arise. To be successflikelihood of a locus to be amplified hence explaining the
in Leishmaniaantifolate chemotherapy it would therefore be higher rate ofihfr-tsamplification when part of the H locus. In
necessary to target both PTR1 and DHFR-TS and lead congeast, the chromosomal position of thifr gene was also
pounds against these two targets are now available (36).  shown to exhibit considerable effect on the rateliofr ampli-

The results presented in this study show that there is nfication upon MTX selection (38).
major obstacle fodhfr-ts amplification in L.tarentolae We The resistance gene itself is obviously important for gene
have studied extensively the mechanisms of gene amplificatioamplification. Upon selection for MTX resistance ofpérl
in Leishmaniaand showed that amplicons are usually formedhull mutant in which a noveptrl copy is integrated at the R
at the level of homologous repeated sequences (24,25). Wscus, we exclusively observestrl amplicons derived from
know that theL.tarentolae H locus is flanked by several the R locus but no R locus amplification containidpfr-ts
repeated sequences but théarentolaeR locus has not been ynder our experimental conditions, DHFR-TS confers much
characterized. The..major R locus is flanked by repeated |o\yer resistance thaptrl and we believe this is a sufficient
sequences (4_1). To test the effect (_)f the locus, we 'ntrOduced&planation for not observing its amplification. The DHFR
dhfr-tsallele in the H locus replacing one copy pirl. After o7y matic activity determined from crude extracts seems how-
selection with MTX, we could only detegttrl amplification o er 15 have comparable activities to other characterized

(Fig. 3B, lanes 3-5). Similarly, when thprl gene was absent prp 15 (12 22.31) and the inhibition profile with MTX is
from its endogenous locus but present at the R locus, wi

dbserved, after MTX SelectopiL-R locus-dertied gerie /71t (19, O} The reason whiinits confers ow v
amplification (Fig. 3). As we found out thaitrl is a better P

MTX resistance gene thathfr-ts (Fig. 5) the latter results are specific factors (Fig. 5). We cannot exclude, however, that by

not overwhelmingly surprising and indicate that the resistancBrOIOnged culture in SDM-79 we have changed some aspects

gene is crucial for selecting for gene amplification. In order toof folate metabolism that may influence DHFR-TS induced

test the effect of the locus in more detail, we have inactivate§€sistance |EVEIS: In conclusion, this paper shows that both '_[he
the remainingptrl allele in the RH transfectant (Fig. 2C). resistance gene itself and the locus are important for selection

Selection for MTX resistance revealed that the locus is als8f 9ene amplification events. Finally, amplification dififr-ts
important in determining the frequency of gene amplification S possmle |N_.tareqtola§and |nd|_cates that once a prefgrred
Indeed, when present on the H locus, tiefr-ts gene was 'esistance mechanism is unavailable, a second one will take
amplified three times more (considering that there is one cop§Ver-

at the H locus and two copies at the R locus) than when present

ontheR Ioc_:us_(Fig. 4), Thg first step in gene ampIif_ication afte’ ckNOWLEDGEMENTS

MTX selection is the formation of linear amplicons (Figs 3 and 4)

(26,37). As noted previously (26), the H locus derived amplicond his work was supported by National Science and Engineering
are very homogenous in size while the R locus amplicons diffeResearch Council and by the Medical Research Council to
greatly in size (Figs 3 and 4). It is possible that specialized.O. C.K. is a post-doctoral fellow of the Schweizerischer
sequences are implicated in the formation of H locus ampliconslational fonds. E.L is the recipient of the Fonds Canadien de
and that the presence of these sequences may increase kitéde a la Recherche. B.P. is a Medical Research Council



Nucleic Acids Research, 1999, Vol. 27, No. B&59

scholar and M.O. is an MRC Scientist and a Burroughs Wellcomé?9. Papadopoulou,B., Roy,G. and Ouellette,M. (1983)leic Acids Res21,
Fund New Investigator in Molecular Parasitology.

REFERENCES

1

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Ivanetich,K.M. and Santi,D.V. (199GASEB J,. 4, 1591-1597.
2.

Nare,B., Luba,J., Hardy,L.W. and Beverley,S. (19@&)asitology 114
Suppl, S101-S110.

Ouellette, M., Leblanc,E., Kiindig,C. and Papadopoulou,B. (1998) In
Rosen,B.P. and Mobashery,S. (edR¢solving the Antibiotic Paradox.
Plenum Publishing Corporation, New York, pp. 99-113.

. Beverley,S.M. (1991Annu. Rev. Microbio) 45, 417-444.
. Ouellette,M. and Borst,P. (199Res. Microbiol,. 142, 737-746.
. Coderre,J.A., Beverley,S.M., Schimke,R.T. and Santi,D.V. (1983)

Proc. Natl Acad. Sci. US/A0, 2132-2136.

. Beverley,S.M., Coderre,J.A., Santi,D.V. and Schimke,R.T. (12&4)

38, 431-439.

. Papadopoulou,B., Roy,G. and Ouellette,M. (19=2BO J, 11, 3601-3608.
. Callahan,H.L. and Beverley,S.M. (1992)Biol. Chem,. 267,

24165-24168.

Bello,A.R., Nare,B., Freedman,D., Hardy,L. and Beverley,S.M. (1994)
Proc. Natl Acad. Sci. USM1, 11442-11446.

Wang,J., Leblanc,E., Chang,C.F., Papadopoulou,B., Bray,T.,
Whiteley,J.M., Lin,S.X. and Ouellette,M. (199&)ch. Biochem.

Biophys, 342, 197-202.

Nare,B., Hardy,L.W. and Beverley,S.M. (1997 Biol. Chem,.272,
13883-13891.

Leblanc,E., Papadopoulou,B., Bernatchez,C. and Ouellette,M. (1998)
Eur. J. Biochem.251, 768-774.

Luba,J., Nare,B., Liang,P.H., Anderson,K.S., Beverley,S.M. and
Hardy,L.W. (1998)Biochemistry37, 4093-4104.

Robello,C., Navarro,P., Castanys,S. and Gamarro,F. (M@7Biochem.
Parasitol, 90, 525-535.

Dewes,H., Ostergaard,H.L. and Simpson,L. (1888) Biochem. Parasitq|.
19, 149-161.

Ellenberger,T.E. and Beverley,S.M. (1987Biol. Chem.262,
13501-13506.

Kaur,K., Coons,T., Emmett,K. and Uliman,B. (1988Biol. Chem.263
7020-7028.

20.

21.

22.

23.

24.

25.

26.

32.

33.
34.

35.
36.

37.

38.

4305-4312.

Gamarro,F., Chiquero,M.J., Amador,M.V., Legare,D., Ouellette,M. and
Castanys,S. (1998iochem. Pharmacql47, 1939-1947.

Kindig,C., Haimeur,A., Légaré,D., Papadopoulou,B. and Ouellette,M.
(1999)EMBO J, 18, 2342-2351.

Arrebola,R., Olmo,A., Reche,P., Garvey,E.P., Santi,D.V., Ruiz-
Perez,L.M. and Gonzalez-Pacanowska,D. (19948jiol. Chem.269,
10590-10596.

White, T.C., Fase-Fowler,F., van Luenen,H., Calafat,J. and Borst,P.
(1988)J. Biol. Chem, 263 16977-16983.

Ouellette,M., Hettema,E., Wust,D., Fase-Fowler,F. and Borst,P. (1991)
EMBO J, 10, 1009-1016.

Grondin,K., Roy,G. and Ouellette,M. (199@pl. Cell. Biol, 16,
3587-3595.

Grondin,K., Kundig,C., Roy,G. and Ouellette,M. (1998)cleic Acids

Res, 26, 3372—-3378.

. Papadopoulou,B., Roy,G., Mourad,W., Leblanc,E. and Ouellette,M.

(1994)J. Biol. Chem.269, 7310-7315.

. Grondin,K., Papadopoulou,B. and Ouellette,M. (1993@¢leic Acids

Res, 21, 1895-1901.

. Sambrook,J., Fritsch,E.F. and Maniatis, T. (1988)ecular Cloning.

Cold Spring Harbour Laboratory, Cold Spring Harbor, NY.

. Papadopoulou,B., Roy,G. and Ouellette,M. (198d) Biochem. Parasita].

65, 39-49.

. Scott,D.A., Coombs,G.H. and Sanderson,B.E. (198T)Biochem. Parasital.

23 139-149.

Ouellette,M., Haimeur,A., Grondin,K., Legare,D. and Papadopoulou,B.
(1998)Methods Enzymql292, 182—193.

Ryan,K.A., Dasgupta,S. and Beverley,S.M. (1988pe 131, 145-150.
Papadopoulou,B. and Ouellette,M. (1988). Exp. Med. Bio].338
559-562.

Borst,P. and Ouellette,M. (1998hnu. Rev. Microbio}.49, 427-460.
Hardy,L.W., Matthews,W., Nare,B. and Beverley,S.M. (184¢). Parasitol.

87, 157-169.

OImo,A., Arrebola,R., Bernier,V., Gonzalez-Pacanowska,D. and
Ruiz-Perez,L.M. (1995Nucleic Acids Res23, 2856—2864.

Barclay,B.J., Ondrusek,N.K., Wildenhain,Y.D., Huang,T., Carlone,R.L.,
Clement,J.M. and Wahl,G.M. (1993)3v. Exp. Med. Bi0).338 545-550.



	Role of the locus and of the resistance gene on gene amplification frequency in methotrexate resi...
	The protozoan parasite
	INTRODUCTION
	MATERIALS AND METHODS
	Cell lines and cultures
	DNA manipulations
	DNA constructs
	DHFR enzymatic activity
	Transport studies

	RESULTS
	Amplification of
	Role of the resistance gene and the locus on gene amplification frequency
	Transfection studies of the
	Other mechanism of MTX resistance

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


